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Abstract

Understanding and Controlling the Magnetic and Optical Properties in van der Waals

Semiconductors

Kaichen Xie

Chair of the Supervisory Committee:
Professor Ting Cao

Materials Science and Engineering

Within the broad spectrum of two-dimensional (2D) materials, 2D van der Waals (vdW) magnetic
semiconductors are distinguished by their novel properties, which stem from the weak yet tunable
interlayer magnetic interactions, adding an entirely new magnetic degree of freedom to vdW
interfacial engineering. In this dissertation, we discuss the understanding and prediction of the
magnetic and optical properties of vdW magnetic semiconductors employing ab initio methods
alongside other theoretical and computational techniques. This dissertation is organized as follows:
¢ In Chapter 1, we provide a brief introduction to the theoretical and computational methods
that compute the quasiparticle and exciton properties of materials, and the recent

advancements in the field of 2D magnetic semiconductors.



In Chapter 2, we focus on exploring the magneto-excitonic coupling in a prototypical 2D
vdW magnet CrSBr utilizing ab initio calculations.! We uncover the anisotropic Wannier
nature of the 2D excitons in few-layer CrSBr and the entanglement of excitons between
vdW layers of this material.

In Chapter 3, we present several mechanical approaches to harnessing the power of
magneto-electronic coupling in 2D vdW magnet CrSBr.>? Our qualitative analysis
attributes the effects of these mechanical tuning knobs on magnetic properties to subtle
alterations in bond geometry.

In Chapter 4, we investigate the intriguing potential for manipulating magnetic phases in
2D magnets through interfacial charge transfer in heterostructures of magnetic and
nonmagnetic layers.* We unveil a transition towards the ferromagnetic phase by stacking
antiferromagnetic bilayer CrSBr on graphene and by electrostatic doping. We further
demonstrate that the phase transition is a spin-canting process.

In Chapter 5, we establish a theoretical framework to investigate the ultrafast optical
control of excitonic structures. We demonstrate coherent optical field as a powerful tool to
manipulate the excitonic properties in 2D materials. From our calculations, we find that the
dark and bright excitons can be coherently coupled, resulting in novel absorption features

as a function of frequency.
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Chapter 1

Introduction

In this chapter, we will firstly introduce several ab initio methods used throughout this dissertation
in calculating the electronic and optical properties of materials: density functional theory (DFT)
for ground-state properties, the GW method for quasiparticle (QP) properties, and the GW plus
Bethe—Salpeter Equation (GW-BSE) method for optical properties. The second part is a brief

introduction to vdW magnetic semiconductors.

1.1 Density Functional Theory

The ab initio DFT approach is a numerical method to simulate real materials and predict the
ground-state properties of molecules and solids. The idea of DFT is developed by Hohenberg and
Kohn,> followed by the derivation of a set of equations by Kohn and Sham,® which has been
implemented in software packages such as VASP,” Quantum Espresso,? etc. We will give a brief

introduction to the physical theories lying under this approach.

1.1.1 Kohn—Sham Equation

From Born—-Oppenheimer approximation,® the position of the nuclei can be considered fixed with
respect to the electrons, as the nuclei are much heavier than the electrons and consequently move
more slowly than the electrons. Therefore, we treat the nuclei and electrons as separate problems

and the Hamiltonian for the electrons is given by (in atomic units A =m =e = 1)



~ 1, 1 1
H = Z [_Evi + Vext(ri)] + Ez |ri — r]l (1.1)
i

%]
where the three terms in the Hamiltonian represent the electron kinetic energies, the local external
potential (e.g., the field from the nuclei), and the Coulomb interactions between pairs of electrons,
respectively. Here we have neglected spin-orbit coupling and other relativistic effects. The electron
Hamiltonian follows the time-independent Schrddinger equation

HY¥Y(ry,r,, ...,ry) = E¥(r,, 15, ..., Iy) 1.2

Y =Y(r,r,, ..., Iy) is the electron wave function, which is a function of the spatial coordinates
of N electrons. E is energy eigenvalue. However, solving the full wave function ¥ for practical
materials are extremely hard as the computational effort scales exponentially with the system size.
Therefore, approximate theories have been developed in an effort to derive effective single-particle
approximations for the Coulomb term, and among these approaches, DFT stands out as one of the
most frequently employed approaches.

The basis of DFT are the two theorems first proved by Hohenberg and Kohn in 1960s.°> The first
theorem states that the ground-state electron density uniquely determines all properties, including
the energy and wave function, of the ground state. Here, the ground-state energy E, which can be
expressed as E[n(r)], is a functional of n(r). The second theorem finds that electron density can
be found by minimizing the energy functional, which gives us a prescription to find the relevant
electron density. A practical approach was developed by Kohn and Sham,® where the complicated
N-electron wave function ¥(ry, 15, ..., ry) and the associated Schroédinger equation are replaced
by a formulation that uses the much simpler electron density n(r). n(r) can be written in terms of

the occupied single-electron wave functions ; as



n() = ) i@ (13)

Here, n(r), which is a function of only three degrees of freedom (one spatial coordinates), carries
information from the full solution to the Schrédinger equation, which is a function of N spatial
coordinates. A set of self-consistent, single-particle equations, known as the Kohn-Sham equation,

has the form

[— %Vz + Vexe (1) + V(1) + ch(l‘)] Pi(r) = g3h(r) (1.4)

Here, V., (r) includes the interaction between an electron and all nuclei, also appearing in Eq.

(1.1). V4 () is the Hartree potential and has the form

Vy(r) =J-v(r,r’)n(r’) dr’ (1.5)

with the bare Coulomb interaction v(r,r’) = 1/|r —r’|. The Hartree potential defines the
Coulomb repulsion between one electron and the total electron density defined by all electrons in
the system. The Hartree potential includes a self-interaction contribution. As the currently
described electron in the Kohn—Sham equation is also part of the total electron density, part of Vy
involves a Coulomb interaction between the electron and itself. The correction for this self-
interaction is one of several effects that count for the final potential in the Kohn—Sham equation,
Vxc, which defines exchange and correlation contributions to the single-electron equation. Vg is

defined as the functional derivative of the exchange-correlation energy

§Exc[n(r)]

Vxc(r) = Sn(r)

(1.6)



1.1.2  Exchange-Correlation Functional

In fact, the general form of the exchange-correlation functional should be nonlocal. However, such
form is unknown in most cases. We will briefly introduce two common approaches to approximate
the exchange-correlation functional, the local density approximation (LDA) and the generalized
gradient approximation (GGA). LDA is parameterized using the one-to-one correspondence
between total energy density and electron density in the uniform electron gas.'®!" The exchange-

correlation functional at each electron density is approximated as

BRI = [ n(excn()dr (L)

where exc(n) is the exchange and correlation energy per electron of a uniform electron gas of
density n. LDA uses only the local density to define the approximate local exchange-correlation
potential. This is reasonable as long as n(r) is sufficiently slowly varying.

GGA is another widely adopted functional besides LDA, which accounts for not only the
information about the local electron density, n(r), but also the local gradient in the electron density,

Vn(r)

ESSA[n] = f n(P)exc (n(r), Vn())dr (18)

The physical idea of GGA comes from the consideration that electron densities in real materials
are not uniform. Because the information from the gradient of the electron density can be included
in many ways, a variety of GGA functionals exist, such as the Perdew—Wang functional (PW91),'2
the Perdew—Burke—Ernzerhof functional (PBE),'* as well as others. In this dissertation, PBE
functional with dispersion corrections within the D2 formalism is used for structural relaxation
and as mean field starting point for GW and GW-BSE calculations. LDA functional is used for

magnetic ground state energy calculations.



1.2 The GW-BSE Method

For excited states, the computational effort becomes extremely large when solving the Hamiltonian
of an interacting many-electron system to obtain the many-particle wavefunction. Fortunately, in
practice we are interested in excited-state properties such as excitation spectra and expectation
values of single-particle operators, which do not require the full knowledge of the wavefunctions
and can be obtained from the Green’s function. The ab initio GW-BSE approach, based on the
many-body perturbation theory within the Green’s function formalism, can be used to investigate
excited-state properties related to one- and two-particle excitations.'*'” The ab initio GW-BSE
approach has been implemented in software packages such as BerkeleyGW,*® ABINIT,® yambo,?

etc.

1.2.1 The GW method

The quasiparticle GW method is based on single-particle Green’s function, which only involves
one-particle excitation, i.e., the electron addition (N — 1) or removal (N + 1) process in the N-
electron system. The single-particle Green’s function is defined (at zero temperature) as

G(1,2) = —i(N,0|T[{(1)PT()]|N, 0) (1.9)

where 1 and 2 each stand for the five coordinates of a particle: space (r), spin (¢) and time (t), e.g.,
(1) = (ry, &1, t1) = (X4, t1). [N, 0) is the exact ground state of the N-electron system. T is the
Dyson time-ordering operator which has the effect of ordering the operators with earlier time on
the right. 1) and ¥ are the fermion annihilation and creation operators in the Heisenberg picture.
G is closely related to fundamental properties of quasi-electron and quasi-hole. The two-particle

Green’s function is defined as



G,(1,2;1,2") = —(N, 0|T[p (WP (P T (20T (A"]|N, 0) (1.10)
which provides information about processes involving two-particle transitions and their interaction
through the time ordering of the four times in the equation.

Starting from the Heisenberg equation of motion, one gets the equation of motion for the Green’s

function
; 9 d3=6
[la—tl—Ho(l)]G(l,Z) - f (1,3)6(3,2)d3 = 5(1,2) (1.11)

where H, = —%VZ + Vext + Vy. Zis the self-energy operator which represents the complicated

correlation effects of a many-particle system. With time-translational invariance, Fourier

transformation of Eq. (1.11) with respect to t — t’ gives
[w—Hy(x)]|G(%,x"; w) — JZ(X,X”; w)G(X", x"; w)dx" = §(x,x") (1.12)

which is the Dyson equation that links the interacting single-particle Green’s function G (X, X’; w)

to the non-interacting single-particle Green’s function Gy(x,X’; w)
G(x,x5w) = G(xx;w) + f Go(X,X1; W)E(Xq, Xz 0)G (X2, X'; w)dX1dX, (1.13)

Here, G, can be obtained by mean-field calculations. We note that the self-energy operator X is in
general nonlocal, non-Hermitian and frequency dependent. A series expansion of X in v gives as
first term the Hartree-Fock exchange potential. Since both V and X can be given in terms of G,
Eqg. (1.12) represents a self-consistency problem that can also be formulated as a variational
problem.

One can obtain the Lehmann representation of the single-particle Green’s function

o £OOf ()
Gloxs ) = Z w — € + in sgn(e; — u) (1.14)

in terms of Lehman amplitudes f;(x) and energies €, defined by



f:(x) = (N,0[p(X)|N + 1,s), € = Eyy1s — Evo When e = p
(1.15)
f:(x) = (N = 1,0[p(x)|N,0), €, = Ey o — Ey_1s When e; < u
wheren = 0" and p = Ey,19 — Ey o is the chemical potential. The sum s runs over all states of
the N + 1 and N — 1 particle systems. Hence, ¢, the poles of G, correspond to electron addition
and removal energies. Supposing that X is known, by inserting G in terms of f;(x) and €, into Eq.

(1.12) one finds that for a discrete energy level €, the amplitudes f;(x) and the energies € are

solutions to the eigenvalue equation

[w—Hy(x)]f(x) — f I(x,x";w)f(xX")dx" =0 (1.16)
The central problem to solve the equation is to develop a good approximation of . Hedin proposed

to expand X in terms of a screened potential W rather than the bare Coulomb potential v with

Schwinger’s functional derivative technique, where W is defined as
w(1,2) = jv(1,3)8‘1(3,2)d3 (1.17)

Here, ¢ is the dielectric matrix and W represents the effective interaction between two particles,
which is much weaker than v if the polarizability is large. Considering only the lowest order
contributions of the series expansion in W leads to the so-called GW approximation (GWA).
Within GWA, the self-energy operator is approximated by!*

2(1,2) = iG(1,2)W(1+,2) (1.18)

with the dynamically screened potential W expressed as
w(,2) =v(1,2) + j v(1,3)P(3,4)W(4,2)d(3,4) (1.19)

where 17 = x4,t; + 7. Like G, W also satisfies a Dyson-like equation. The kernel P reduces to



P(1,2) = —iG(1,2Y)G(2,1) (1.20)
where the Fourier transformation of the time-ordered polarization operator P with GWA takes the
same form as that deduced from random phase approximation.?*23 Together with the Dyson
equation Eqg. (1.13) which links G and X, a set of equations that must in principle be solved self-
consistently for G is formed.

The time consumption of this method results in a series of approximations applied in the
calculations. Within random phase approximation, the interacting polarizability P is replaced by
the non-interacting polarizability P°(1,2) = —iG,(1,2%)G,(2,1), where the non-interacting
Green’s function G, can be constructed from the mean-field eigenstates.?*2% The simplest GW
method, referred to as one-shot GW approach (GoWo), calculate the QP self-energy from a nonself-
consistent procedure with no iteration by 2(1,2) = iGPFT(1,2)W,(1%,2) . Assuming the
wavefunctions from DFT are good approximations for the QP wavefunctions, the QP energies E,,;
are predicted perturbatively to the lowest order by

Eqe = B + (i ZERT) — Vel hme) (1.21)

where EPIT is the DFT eigenenergy and V. is the exchange-correlation potential from DFT
calculations. Generally, GoWo leads to quite accurate results for single-particle properties such as

the QP energies and the QP lifetime.

1.2.2 The GW-BSE method
For two-particle excitations, the two-particle correlation function L with the inclusion of electron-

hole interaction is expressed as'®



L(1,2;1,2) = —G,(1,2;1',2") + G(1,1)G(2,2") (1.22)
The electron-hole correlation function obeys a Dyson equation (known as Bethe-Salpeter

equation)
L(1,2;1',2") = Ly(1,2;1',2") +]L0(1,4;1’,3)K(3,5;4,6)L(6,2;5,2’)d(3456) (1.23)

where Ly(1,2;1',2") = G(1,2")G(2,1") describes the non-interacting quasi-electron and quasi-
hole pair. K is the interaction kernel for the two-particle (electron-hole here) excited states.'>%’
Within the GWA, the BSE kernel is found by taking the functional derivative of the self-
energyl7,24,25

5[V (3)5(3,4) + 2(3,4)]
66(6,5) (1.24)

= —i6(3,4)6(57,6)v(3,6) + i6(3,6)6(4,5)W(3+,4)

K(3,5;4,6) =

Here, K consists of two contributions, the exchange kernel (K*) involving the bare Coulomb
interaction, and the direct kernel (K%) involving the screened Coulomb interaction. Using the QP

states (|cv, K) = |c, K)®|v, K)) as a basis to expand the exciton (electron-hole pair) state!’

15) = > A%, lev, k) (1.25)

cv k

the BSE turns into a set of coupled exciton eigenstate and eigenvalue problems

A5, (Ecx — Epy) + Z ASryr i (cv, KIK V' K') = AS,,.05 (1.26)
c'v' k!
where Aﬁ,,,k is the k-space exciton envelope function, and |cv, K) corresponds to a free electron-

hole pair (i.e., a non-interacting interband transition state) at the point k of the Brillouin zone. The
eigenvalue Q5 is the excitation energy of an exciton eigenstate |S). Therefore, the first term in Eq.
(1.26) corresponds to a non-interacting electron-hole transition, while the second term describes

the Coulomb interaction between the non-interacting electron-hole transition in the first term and
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all other possible non-interacting electron-hole transitions. These excitons are primarily
responsible for the optical absorption and photoluminescence of materials. However, the coupling
term between the excited states and external electromagnetic fields are not included in Eq. (1.26).
Optical absorption and conductivity are proportional to the imaginary part of the macroscopic

dielectric function &, (w), which can be constructed from the solution of the BSE?®

8m2e? -
£2(@) = ——— > |1-(0lvIs)[*6(w - 09) (127)
S

w

where 1 is the polarization vector, and v is velocity operator.

The high computational cost in the calculation of various matrix elements and other matrix
operations is the main limiting factor of the ab initio GW-BSE calculation. As a powerful and
accurate method to quantitively evaluate the optical properties of material systems in the linear
regime, the ab initio GW-BSE approach is still in need of expanding the functions to include

dynamical effects and to improve the efficiency for large complex systems.

1.3 Van der Waals Magnetic Semiconductors

Van der Waals materials have emerged as a fertile ground for exploring novel physical phenomena
and are highly attractive as a promising class of materials for applications ranging from
nanoelectronics and nanophotonics to sensing. One of the most intriguing aspects of vd\W materials
lies in the ability to manipulate and control their physical properties by precisely adjusting
interlayer interactions. This capability has sparked significant interest in the realm of vdW
heterostructures and moiré superlattices, leading to remarkable discoveries such as the emergence
of strongly correlated phases arising from moiré bands and the formation of interlayer excitons

trapped in the moiré potential.?’~3! Within the family of vdW materials, two-dimensional vdW
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magnets stand out as they introduce an entirely new magnetic degree of freedom, which opens up
unique opportunities for engineering vdW interfaces and developing innovative magnetoelectric,
magneto-optic, and spintronic devices.®23% In vdW magnets, the interlayer exchange, although
considerably weaker compared to the intralayer exchange, plays a crucial role in determining the
magnetic order of the entire system.3* Previous studies have demonstrated that the interlayer
magnetic interactions can be fine-tuned using a range of methods including magnetic fields,
electric fields, doping, pressure, and stacking.3>-42 This extensive tunability paves the way for not
only uncovering new magnetic phases, like noncollinear moiré magnetism,***> but also the

creation of compact and energy-efficient spintronic devices.
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Chapter 2
Optical Transitions in CrSBr Controlled by Interlayer Electronic

Coupling

The 2D character of atomically thin layers suggests a strong enhancement of the Coulomb
interaction leading to the formation of strongly bound excitons, which dominates the optical and
charge-transport properties.*6*® Compared to bulk materials, the weak yet tunable interlayer
coupling adds layer degree of freedom in vdW 2D materials, which enables vdW interfacial
engineering for exploration of rich physical phenomena.*>° In vdW 2D materials, the optical
transitions are controlled by interlayer electronic coupling, which is determined by stacking
configurations and external fields.’!° In this chapter, we focus on studying the distinct optical
properties of 2D magnetic semiconductors controlled by interlayer electronic coupling.

Within the family of vdW magnets, CrSBr is an A-type magnetic semiconductor with direct band
gap. The lattice of CrSBr is composed of vdW layers, each formed by two buckled CrS planes
terminated by Br atoms (Fig. 2.1a). These layers stack along the c-axis, resulting in an
orthorhombic structure with Pmmn Space group. Each CrSBr monolayer is ferromagnetic (FM), but
the neighboring layers are antiferromagnetically (AFM) coupled.>”6 CrSBr exhibits in-plane
magnetic anisotropy with easy axis along the b-axis, and hard axis along the out-of-plane c-axis.
The Néel temperature is ~132 K for bulk CrSBr and increases to ~150 K down to the monolayer
limit, which is notably higher than that of vdW magnetic semiconductors such as CrXs (X=Cl, Br,
1) and Cr2Ge2Tes.3#336263 The tunable magnetic and optical properties of CrSBr make it an ideal

platform to explore novel physical phenomena.
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2.1 Anisotropic Wannier Excitons in CrSBr Monolayers

Electronic structure calculations of monolayer CrSBr in its FM ground state within the GW
approximation reveal a semiconducting bandgap of ~1.8 eV and highly anisotropic band
dispersion, shown by the spin-polarized GW band structure of monolayer CrSBr in Fig. 2.1b. A
large self-energy correction of ~1.3 eV for the bandgap is obtained at the GW level due to strong
many-electron effects in 2D. The valence band maximum (VBM) is at the I" point, and two nearly
degenerate conduction band minima (CBM) appear at I' and X points, with the same spin
orientation for CBM and VBM. Despite a different quasiparticle bandgap and dispersion, our GW
calculations that include the self-energy corrections are in agreement with previous DFT
calculations that also predicted anisotropic and spin-polarized bands.®%6164 Away from T', there is
considerable anisotropy of the conduction bands, with significant dispersion along I'-Y and almost
flat bands along I'-X. This feature is consistent with the calculated optical matrix element that is
dipole-allowed along the b-axis, but forbidden along the a-axis, for interband transitions from the
VBM to the CBM at the I" point. The first two conduction bands are nearly degenerate at the GW
level (labeled CBM1 and CBM2, respectively). The calculated optical matrix element shows the
VBM-CBML transition is dipole allowed, while the VBM-CBM2 transition is dipole forbidden,
which can be understood from the optical selection rules. To illustrate this, we examine the orbital
composition of VBM, CBM1 and CBM2 (shown in Fig. 2.1c). Based on the parity and spin of the
band extrema, the VBM-CBML transition is allowed, but the VBM-CBM2 transition is forbidden.
However, by reduction of symmetry (e.g. by an asymmetric dielectric environment), the VBM to

CBM2 transition could be brightened.
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Figure 2.1 Crystal structure and electronic properties of CrSBr. (a) Crystal and magnetic structures

of CrSBr. Top image shows a top-view of a single layer and the bottom image shows a side-view
of a bilayer in which the AFM order is represented by the red and blue arrows. (b) Calculated
quasiparticle band energies using the GW method for monolayer CrSBr. The bands of majority-
and minority-spin electrons are shown in red and black, respectively. (c) The orbital composition

of VBM, CBM1 and CBM2. The transformation of the wavefunction w;,(r) under spatial

inversion (I) is noted below each diagram.

The exciton energy levels for monolayer CrSBr obtained from GW-BSE calculations (details in
Methods) are shown in Fig. 2.2a. The first two excitons marked by A and B originate from the

VBM-CBM1 and VBM-CBM2 transitions, respectively. The calculated optical spectrum for
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monolayer CrSBr is shown in Fig. 2.2b. The dominant optical transitions come from bright state
A, with the calculated exciton binding energy of ~0.5 eV for a free-standing monolayer. For
comparison, the exciton binding energy estimated from a comparison of scanning tunneling
spectroscopy and PL spectrum is ~0.25 eV for a bulk crystal.>” The larger exciton binding energy
of the monolayer than that of the bulk is expected from the reduced dielectric screening in the
former. The calculated exciton wavefunction (top view in Fig. 2.2c) extends over several unit cells,
revealing Wannier character of exciton, distinct from the Frenkel nature of excitons in Crl3.®> The
calculated exciton wavefunction also shows significant anisotropy, with exciton wavefunction
about 2 ~ 3 times more delocalized along the b axis than that along the a axis, consistent with the

effective mass anisotropy along I'-X and I'-Y directions obtained from band structures.
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Figure 2.2 Excitonic transitions of monolayer CrSBr. (a) Calculated exciton energy levels
obtained from GW-BSE method for monolayer CrSBr. Bright and dark excitons are represented
by red and blue lines, respectively. The first two excitons are labeled A (bright) and B (dark). (b)
Calculated optical absorption spectra of linearly polarized light (polarization along the b axis) of
monolayer CrSBr. A Gaussian broadening of 0.01 eV is used to model the imaginary part of the
dielectric function. For polarization along the a axis, absorbance goes to zero. (c) Top and (d) side
views of real-space wavefunction of the lowest-energy exciton, shown as |, |* for an electron
with the hole fixed near a Cr atom (green circle) in the bottom layer. The iso-surfaces represent

[, |? set at 1% of its maximum.

2.2 Coupled Exciton Transitions in vdW Layered Magnets

To study the effects of interlayer electronic coupling on optical transitions in layered magnetic
semiconductors, we consider layered materials with two neighboring layers labeled by layer 1 and
layer 2. For monolayer CrSBr, the lowest-energy optical transition is dipole-allowed. So, we focus

on the frontier conduction bands (i.e., |c;, K) and |c,, K)) or valance bands (i.e., |v4, K) and |v,, K))
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in layer 1 and layer 2, schematically shown by the parabolic bands in Fig. 2.3. For vdW
semiconductors with weak excitonic interaction (Fig. 2.3a), each pair of valence band and
conduction band hosts an exciton series. Therefore, two dipole-allowed transitions and two dipole-
forbidden transitions are obtained from the interband optical matrix elements with interlayer
wavefunction hybridization, which are consistent with the results for nonmagnetic vdW materials
such as black phosphorene.®® However, if excitonic effects are not negligible, the interband
transitions will be coupled by Coulomb interactions and the above interband transition picture will
no longer hold. Here we propose a toy model called coupled exciton transition model, where the
optical transitions are given by coupled intra- and interlayer excitons (Fig. 2.3b). Choosing the two
intralayer excitons (|X5;) = Yx A3 |c1v1, K), |X5,) = Yi A3 |25, K)) and two interlayer excitons
(1X51) = Tk A3 lcavy, K) , |X5,) = Xk A3 |civ,,K) ) as the basis, we can write the effective

Hamiltonian of this toy model as follows

0 0 ¢t ¢t
0 0 ¢t, t

H = tC tv 1}7 6 + Eilniralélle (21)
t t 0 U

<
Q

where the envelope functions A3 are assumed to be the same for intra- and interlayer excitons. t =
t, or t. denotes the interlayer hopping between valence bands or conduction bands. The binding
energy U is defined as U = Ejrer — Efnera» Where ES o and ES ., are eigenvalues for inter- and

intralayer excitons.
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Figure 2.3 Models for optical transitions in 2D layered systems. (a) Schematic for interband

optical transitions with weak excitonic interaction. With interlayer wavefunction hybridization
between degenerate bands in layer 1 and 2, bonding (|c_) and |v_)) and anti-bonding (|c,) and
|v,)) states are obtained. The two solid lines represent the dipole-allowed |v, ) to |c,) and |v_) to
|c_) transitions, while the two dashed lines represent the dipole-forbidden |v_) to |c,) and |v,) to
|c_) transitions. (b) Schematic for coupled exciton transition model with strong excitonic
interaction. The two intralayer excitons are labeled by exciton 1 (state |X5;)) and exciton 2 (state
|X3,)), while the two interlayer excitons are labeled by exciton 3 (state |X5,)) and exciton 4 (state

|X3,)). The intra- and interlayer excitons are coupled by Coulomb interactions.

By diagonalizing the Hamiltonian in Eq. (2.1), we get the exciton energies relative to the
eigenvalues of ls intralayer excitons, in the order of energy from low to high under our assumption

thatt, >0andt, <O
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2

—J(tc—tv)z (&) 5, =§—J(tc+tv)2 +(3),

2

E3=g+\[(t6+tv)2+<%> ,E4=g+\[(tc—tv)2+<%>

And the optical transition matrix elements can be obtained by

(0lpIs) = Ziiflim wlpla 23)
k v ¢

As aresult, we obtain entangled electron-hole states between layers for the eigenstates, with only

E1:

SRS

(2.2)

2

one bright excitonic transition with E, in the coupled exciton transition picture under the limit of
t < U (shown in Fig. 2.4b). Besides, in contrast to the linear dependence of E on t with weak
excitonic effects (t > U), the relative exciton energies in the coupled exciton transition picture
show that E o t? due to coupled inter- and intralayer excitons under the limit of t < U, as
demonstrated by the example of simulations depicted in Fig. 2.4a. Next, we will investigate our
model by examining the effects of interlayer electronic coupling on optical transitions in CrSBr

bilayers.
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Figure 2.4 Simulations for relative exciton energies and corresponding oscillator strengths of
optical transitions in the coupled exciton transition model. (a) Assuming t,/t. = —2, the
simulated results for the dependence of exciton energies E /U on the interlayer hopping term t./U,
where ELS . is set to 0. (b) Assuming t,/t, = —2, the simulated results for the dependence of
oscillator strengths on the interlayer hopping term ¢t./U for the optical transitions. The oscillator

strengths are normalized to the values at the t > U limit.

2.3 Magneto-Excitonic Coupling in CrSBr Bilayers

The quasiparticle band structures of bilayer CrSBr in the AFM (Fig. 2.5a) and FM (Fig. 2.5b)
states are obtained from first-principles GW calculations (details in Methods). In the AFM bilayer,
the product symmetry of time reversal and spatial inversion makes the band structure degenerate
in spins. In each Bloch band near the doubly degenerate CBM and VBM, the spin-up or spin-down
electrons are localized at the top and bottom layer, respectively, since their interlayer hybridization
is suppressed by the interlayer AFM order. In the FM bilayer, by contrast, the electrons in the two
layers can resonantly couple with each other, leading to band splitting of the CBM and VBM and

a band gap reduction of ~0.1 eV relative to the AFM bilayer. The GW-BSE calculations unveil the
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nature of optical transitions. The dominant optical transitions arise from the lowest-energy exciton
in CrSBr bilayers, with the calculated exciton binding energies of ~0.46 eV and ~0.37 eV for free-
standing AFM and FM bilayers, respectively. In the AFM bilayer, the bright excitons in the top
and bottom layers are virtually decoupled due to the anti-aligned spins between layers. The lowest
energy bright excitons are two-fold degenerate (with energy difference < 0.5 meV), and account
for the optical transitions at ~1.34 eV in the experimental spectra. In the FM bilayer, only one
bright exciton is obtained with the interlayer electronic coupling turned on by the interlayer FM
order and the excitonic effect not negligible, which is consistent with the coupled exciton transition
picture we proposed. A comparison between the experimentally measured transition energy and
the calculated exciton excitation energy (~1.23 eV) shows a ~0.1 eV difference, which arises from
the error of GW-BSE calculations (details in Methods).

The sideview of the exciton wavefunction in Fig. 2.5d confirms that the electron is localized in the
same layer as the hole. In the FM bilayer, by contrast, the bright excitons in the two layers are no
longer decoupled states due to the interlayer hybridization of the electron and hole orbitals. For
the lowest-energy exciton in the FM bilayer, when the hole is fixed in one layer, the associated

electron shows significant amplitude in both layers (shown in Fig. 2.5e with a typical side view).
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Figure 2.5 Magnetic order-dependent band structures and exciton wavefunctions. Band structures

of the (a) AFM and (b) FM CrSBr bilayers. Blue and red dots are Kohn—Sham band energies

calculated using the DFT-PBE method and quasiparticle band energies calculated using the GW

method, respectively. In the AFM bilayer, bands are degenerate in spin. In the FM case, the bands

of majority spins are shown (those of minority spins have much larger gaps). (c)-(e) Real-space

wavefunction of the lowest-energy exciton, shown as |1, |? for an electron with the hole fixed near

a Cr atom (green circle) in the bottom layer. The iso-surfaces represent |1, |? set at 1% of its

maximum. (c) Top view in the AFM bilayer. Top view in the FM bilayer is very similar. (d) The

side view in the AFM bilayer showing that the electron is virtually localized in the same layer as

the hole. (e) The side view in the FM bilayer showing that the electron wavefunction is delocalized

across both layers for a hole (green circle) fixed in the bottom layer.
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We further quantify interlayer spatial distribution of the exciton wavefunction. The exciton

wavefunction of a selected excited state |S) can be casted into

S (re'rh) - ZAcvk ck(re)ll};k(rh) (2.4)

cvk

with the hole coordinate r;, fixed at certain point of the bottom layer, while the electron coordinate
r, running over a real-space mesh in the supercell. A3, describes the k-space exciton envelope
function for the exciton state |S) in the quasiparticle state representation. ¢, v and k are the
conduction-band, valence-band, and k-point indices, respectively. To characterize the spatial
distributions of exciton wavefunction with hole fixed in all possible spots in the bottom layer, the

integral of the wavefunction module square p°(r,) is evaluated by

ps(re) = qjs(re'rh)lps*(re; rp)dry, (2.5)

rnph€B
where 1, runs over the bottom layer as the location of the hole may result in different electron

wavefunction distributions in the FM bilayer. As fr B

lp;k(rh)l/)v'k’(rh)drh = O, vk #+ k' for

two-dimensional materials, p5(r,) may be rewritten as

Pa) = D AhSadbarVin () | bim)byam)dn, 26)

cvc’v'k rh€B
which can be obtained from GW-BSE calculations. Therefore, the ratio n°5 of the sum of p°(r,)
in the top layer to that in the bottom layer is used to characterize the layer-resolved spatial

distributions of exciton wavefunction

S _ fl'eET ps(re)dre
VAL

2.7)

where r, runs over the top and bottom layers, respectively. Here the bottom layer refers to the

bottom half of the supercell and the top layer refers to the top half of the supercell. The calculated



24

nS is < 0.51% in the AFM bilayer and ~50% in the FM bilayer. In other words, the probability
density to find the bound electron in the layer different from that of the fixed hole is > 50 times
larger in the FM state than the AFM state, which confirms that the electron is localized in the same
layer as the hole in the AFM bilayer and can delocalize over both layers in the FM bilayer.

The calculated optical spectra in the AFM and FM states are shown in Fig. 2.6a. By turning on the
interlayer electronic coupling in the FM state, the most visible effect is a redshift of the optically
bright exciton by ~10 meV from that in the AFM state. This calculated redshift is consistent with
the experimental measurements, as shown by the differential reflectance spectra from bilayer
CrSBr in the AFM (blue) and field-induced FM (red) states, respectively (Fig. 2.6b). Another
noteworthy observation in the absorption spectra is the presence of a minor peak (marked by B)
on the higher-energy side of the predominant peak (marked by A). This peak is attributed to the
originally dark B exciton at the monolayer limit acquiring a small dipole due to symmetry

breaking.
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Figure 2.6 Calculated and measured optical spectra of monolayer CrSBr. (a) Calculated optical
absorption spectra of linearly polarized light (polarization along the b axis) of the AFM (blue) and
FM (red) CrSBr bilayers. A Gaussian broadening of 0.005 eV is used. For polarization along the
a axis, absorbance goes to zero. The two spectra are normalized to the peak absorbance in the
AFM state. (b) Experimentally measured differential reflectance spectra of the AFM (blue) and

FM (red) CrSBr bilayers.

The measured photoluminescence (PL) as a function of applied magnetic field (B) along different
axes at 5 K is shown in Fig. 2.7 for bilayer CrSBr. As we demonstrated above, the observed
magneto-excitonic coupling originated from interlayer electronic interaction. When B is swept
along the easy axis, the PL redshifts and intensifies abruptly above a critical field B, = 0.134 +
0.003 T and is otherwise constant above and below this transition (Fig. 2.7a). This abrupt switch
comes from a spin flip AFM—FM transition, resulting in a sudden transformation of the electronic
structure and excitonic transitions. Field sweeps along the intermediate and hard axes result in a
continuous evolution of the PL spectrum up to saturation fields B, of roughly 0.9 and 1.6 T,

respectively, beyond which the PL spectrum remains unchanged (Fig. 2.7b, c). This continuous
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evolution arises from spin-canting process, which produces continuous evolution of the electronic
structure. The interlayer hybridization explains the stark difference between the discrete switching
behavior of the excitonic transitions when the magnetic field is along the easy axis and the
continuous evolution when it is along the intermediate/hard axis. The wavefunctions near the VBM
or CBM of each CrSBr layer can be approximated by the product of the spatial and the spinor
parts, with the spatial part nearly independent of the spin orientation. The interlayer hopping
integral t is therefore proportional to the inner product of the spinor wavefunctions of adjacent
layers, t o (S;|S,) = cos(8/2), where 6 is the angle between the magnetization vectors of the
layers. For the spin flip transition, 8 jumps from = to 0 at B., while for the spin canting behavior,
M = Mg, cos(6/2) < B up to Bg,.. When B is along the intermediate axis, lowest-order energy
shift in the perturbation theory gives, AE « t? o B2, as is confirmed in Fig. 2.7d. Moreover, the
interlayer hybridization across the vdW interface makes relaxation into the lowest energy bright
exciton more efficient and, thus, more competitive with non-radiative recombination. This
explains the abrupt increase in PL intensity across the spin flip transition (Fig 2.7a) and the gradual

increase in PL intensity as the spins are progressively canted away from the easy axis (Fig. 2.7b,

C).
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Figure 2.7 Magnetic field dependence of bilayer PL spectrum along the (a) easy, (b) intermediate

and (c) hard axes, respectively. In all PL spectra, the polarization of emitted light was along the b
axis. Colored arrows show the possible orientation of magnetization in both layers (dots represent
arrows pointing off the page). (d) Field-dependent PL peak position (center-of-mass, circles) for
bilayer CrSBr as a function of magnetic field (B) along the a axis. The red curve shows the

quadratic fit to experimental data below the saturation field.

2.4 Conclusions

In summary, we find CrSBr as a direct band gap semiconductor with layered A-type AFM order

through first-principles DFT calculations and GW-BSE method. The anisotropic Wannier nature
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is revealed for the excitonic transitions in CrSBr, which is sensitive to interlayer electronic
coupling. Our study finds significant excitonic effects when considering the optical transitions in
few-layer CrSBr, with only one bright exciton in the FM CrSBr bilayer. Notably, we demonstrate
that excitonic transitions in layered CrSBr can be modified drastically by the interlayer electronic
coupling controlled by the magnetic order in layered CrSBr. Therefore, we prove an effective
approach to tailor interlayer electronic coupling in vdW semiconductors by control of their
magnetic order, and this magneto-electronic coupling opens up possibility of employing simple

optical methods to probe or manipulate spin information.

2.5 Computational Methods

The mean-field starting point of the GW calculations uses DFT within the spin-polarized GGA,
performed using the Quantum ESPRESSO package.® We employed norm-conserving
pseudopotentials, with a plane-wave energy cutoff of 85 Ry.%” In the structural relaxation, we
included dispersion corrections within the D2 formalism to account for the vdW interactions.%®
The structure was fully relaxed until the force on each atom was smaller than 0.01 eV/A. The
calculated lattice constants along the a and b axes are 3.511 A and 4.712 A, respectively, in
agreement with experimental results.5” The calculated interlayer distance is 8.090 A in bilayer.
The scalar-relativistic and full-relativistic band structures show little differences near the VBM or
CBM. The GW*® calculations were carried out using the BerkeleyGW package!® at the GoWo level.
The supercell in the monolayer and bilayer calculations uses out-of-plane lattice constants of 16 A
and 28 A. A truncated Coulomb interaction is employed along the out-of-plane direction to avoid
interactions between the free-standing CrSBr layers and its periodic images. In the calculation of

the electron self-energy, the dielectric matrix was constructed with a cutoff energy of 35 Ry. The
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dielectric matrix and the self-energy were calculated on an 8x6x1 k-grid. 10 subsampling points
along the in-plane diagonal of the supercell are included in the calculation of the dielectric
function.%® A static remainder approach is used, together with 1,700 bands in the bilayer
calculation.”® These parameters lead to a converged quasiparticle bandgap within 0.1 eV. The
exciton energy levels and wavefunctions are calculated using the GW-BSE methods.!” The exciton
interaction kernel is calculated on a 32x24x1 k-grid in bilayer, which converges the exciton

binding energy to within 0.1 eV, similar to a previous report on Crl3.%°
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Chapter 3

Tuning Magnetic Properties of CrSBr by Mechanical Methods

The recent discovery of atomically thin vdW magnets provides an exciting platform for
manipulating and tuning magnetic properties at the atomic scale with versatile methods.>®"* For
example, hydrostatic pressure has been used to switch AFM to FM state in the A-type
antiferromagnet Crls at zero magnetic field.*"> However, the pressure-induced magnetic state
transition in Crls is non-reversible, as it originates from the rearrangement of layer stacking from
monoclinic to rhombohedral. Consequently, there is a growing demand for the development of a
continuously tunable knob as well as the discovery of a suitable material system for achieving
reversible magnetic phase transitions. In this chapter, we demonstrate the continuous tuning of the
magnetic properties of the vdW magnet CrSBr via uniaxial strain and hydrostatic pressure. These
mechanical methods directly modify the lattice constants and symmetry of the crystal, affording

dynamic and reversible means of controlling the magnetic behavior of vdW magnets.

3.1 Magnetic Phase Transition Induced by Uniaxial Strain

We calculate the magnetic ground state of bulk CrSBr with uniaxial strain applied along the
intermediate a axis (Fig. 3.1a). Without strain applied, the difference between the total energy of
FM state and AFM state (AE = Epy — Eapm) 1S pOSitive, indicating an AFM ground state for
freestanding CrSBr layers. The sign switching from positive to negative as strain increases
indicates a strain-induced AFM to FM transition, with a critical strain of ~0.5% along the a axis.

We find that the calculated AE shows little difference between fixed- and free-boundary
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conditions, which correspond to the lattice constants in b and ¢ kept constant or free to relax. In
the latter case, the change in lattice constant b and c in bulk CrSBr are —0.1% and —0.4%,
respectively, for a 1% strain along a. We further calculate the dependence of AE on strain applied
along the ¢ axis with lattice constants in a and b kept constant. CrSBr stays in the AFM phase
within £ 2% strain, which suggests that the sign switching of the interlayer magnetic exchange
interaction is not a result of changes to the interlayer spacing caused by the Poisson effect. The
above results are consistent with strain-dependent PL experiments (Fig. 3.1d). In the absence of a
magnetic field, the exciton PL peaks remain nearly unchanged as the strain increases from 0.7%
to about 1.1%, which agrees with the first-principles calculations that suggest that a tensile strain
of <1% only results in a continuous change of <5 meV of the bandgap in the AFM phase (Fig.
3.1c). As the strain increases to above ~1.1%, the intensity of these peaks decreases, and a new set
of peaks emerge. The new features dominate the spectrum above ~1.3%, and remain nearly
unchanged as the strain increases further. This energy shift of PL peaks corresponds to an AFM to

FM magnetic phase transition, as demonstrated in Chapter 2.
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Figure 3.1 DFT and experimental results of strain effects on interlayer magnetic ordering. ()

Calculated energy difference AE between the interlayer FM and AFM states as a function of strain
applied along the a axis. The sign switching from positive to negative is denoted by the dashed
black line. Results calculated with fixed and free boundary conditions are denoted by black and
red, respectively. (b) Calculated energy difference of FM and AFM interlayer coupling as a
function of strain applied along the c axis with lattice constants in a and b kept constant. (c)
Calculated change of the band gap, AEg,p—apm, Of bulk CrSBr in the interlayer AFM phase as the

strain is applied along the a axis with free boundary condition. AEg,,_spm IS < 5 meV for strain

within £1%. (d) Strain-dependent PL intensity plot of a 20 nm CrSBr flake with the strain applied

along the a axis. The strain is swept up from a starting value of ~0.7%.
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To understand the origin of the tunability of interlayer magnetic coupling in CrSBr bulk crystals,
we calculate the interlayer magnetic exchange interactions by DFT using a four-states mapping
analysis.”® Without strain, we find that the 4™ nearest neighbor (NN) interlayer Cr—Cr exchange
interactions is needed to correctly describe the antiferromagnetic interlayer coupling. Table 3.1
summarizes the calculated Heisenberg exchange coupling constants J,, J,, J5 and J, for the 1%t, 2nd,
3 and 4™ NN interlayer interactions (marked in Fig. 3.2a), together with the total interlayer
magnetic coupling per unit cell per interface (E;,..) Obtained based on J for both 0% and 1.75%
strain along the a axis. With 1.75% strain applied along the a axis, the interlayer magnetic coupling
transits from positive to negative, corresponding to the interlayer AFM to FM transition with a
certain amount of strain applied, consistent with our previous experimental and theoretical
discoveries. We note that Ej,., obtained from summing over J up to the 4™ NN may defer from
the exact calculated Ej, .., from DFT, due to factors such as the longer-range interlayer exchange
and the magnetic couplings beyond the Heisenberg two-body form, which were not included in
the former analysis. However, the trend we observed is robust, i.e., the application of strain reduces
the AFM coupling terms and enhances the FM terms. In particular, the change of the ferromagnetic
term J; is most significant and dominates the AFM-to-FM transition. As a result, it is critical to
investigate how the applied strain modifies the Br—Br distances and the Cr—Br—Br angles that

decide the magnetic exchange pathway of /;.
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Table 3.1 The calculated Heisenberg exchange coupling constants J. Calculated /;, /,, /5 and J,
for the 1%t, 2", 374 and 4™ nearest neighbor interlayer interactions and the total interlayer magnetic
coupling per unit cell per interface (Ej ) from summing over pairs of J. Positive and negative

values correspond to the AFM and FM coupling, respectively.

(meV) ]1 ]2 ]3 ]4 Einter
No strain -0.0114 0.0063 -0.0025 0.0296 0.170
1.75% strainalonga | -0.0238 0.0054 -0.0056 0.0264 -0.003

In Fig. 3.2b, we show the two shortest interlayer magnetic exchange pathways between the closest
Cr—Cr pairs in adjacent layers. These two pathways are mediated by two Br ligand p orbitals, which
are super-super exchange interactions between the two high-spin Cr ions. We next generalize the
Goodenough—Kanamori—Anderson rules to study the two pathways.”#'® Two types of Cr—Br-Br
bonds are involved in the Cr—Br—Br-—Cr paths. They have bond angles of 97.5° and 140.9° from
first-principles calculations, but equal in distance. Although these angles are neither 90° nor 180°,
the trend upon changing the angles can be obtained within qualitative analysis. The Cr—Br—Br
bond angle close to 90° dictates that two nearly orthogonal Br p orbitals (of the middle Br) are
involved in the hopping process, and the exchange is mediated by the weak Hubbard on-site
interaction among the middle Br p orbitals (Hund’s rule). Direct d-p-p hopping, which has stronger
strength, plays more important roles as the bond angle departs from 90°. The 140.9° Cr-Br-Br
bond angle allows for d-p-p hopping from partially occupied d orbitals of Cr to a p orbital of the
middle Br, then to another collinear p orbital of the next Br. Comparing the two bond angles, the
Cr-Br—Br path with a 140.9° angle should be stronger since it arises mainly from direct hopping
rather than the weak Hubbard type onsite interaction. In Fig. 3.2c, the bond angles in the first

pathway between Cr—Br-Br and Br—Br—Cr are both 97.5°, whereas in the second pathway, the
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bond angles are 97.5° and 140.9° (Fig. 3.2d), respectively. As such, the second pathway (P2)

should dominate the magnetic exchange between the closest interlayer Cr—Cr pairs.
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Figure 3.2 Schematics of the interlayer exchange pathways in bulk CrSBr. (a) The interlayer
magnetic exchange coupling J;, /,, /5 and J, for the 1%, 2", 3 and 4™ NN interlayer Cr pairs. (b)
Two interlayer magnetic exchange pathways between closest Cr—Cr interlayer pairs in side view.
(c) Schematics of the first exchange pathway, giving weak magnetic exchange coupling. (d)
Schematics of the second exchange pathway that favors AFM and FM coupling when « deviates

from (compressive strain along a) and approaches (tensile strain along a) 90°, respectively.

We then study how P2 changes with strain. Uniaxial strain applied along the a axis increases the
a lattice constant and elongates the Cr—Br bond projected on a. As a result, the Cr—Br-Br bond
angle at 97.5° decreases to 96.8° at 1% strain and 96.2° at 2% strain from our first-principles
calculations. In contrast, the Cr—Br—Br bond at 140.9° remains virtually unchanged (within 0.1°)
due to the particular geometry of the lattice. The Br—Br distance remains unchanged as well (with
free boundary conditions in first-principles calculations). As a result, the magnetic super-super

exchange of this pathway, consisting of d-p-p hopping and Hund’s coupling in Br p, becomes more
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ferromagnetic as the smaller bond angle approaches 90°, in agreement with the results from first-
principles calculations of /;. In the limit of that the bond angle ~90°, the majority-spin d electrons
of Cr hops to the p orbitals of the first and second Br, then couples ferromagnetically by Hund’s
rule to an orthogonal p orbital (with 90° rotation) of the second Br, and eventually hops to the Cr
in the adjacent layer. In conclusion, the couplings between the closest interlayer Cr—Cr pairs favor
ferromagnetic super-super exchange interactions, which can be significantly enhanced by moving
the Cr—Br—Br bond angle closer to 90° when the in-plane strain applied along the a axis. This could

be the main mechanism for the strain induced AFM-FM magnetic phase transition.

3.2 Designing Magnetic Properties in 2D Layered Magnets through

Hydrostatic Pressure

From Section 3.1, the magnitude and sign of magnetic exchange in CrSBr are highly sensitive to
Cr—halogen—Cr and Cr—chalcogen—Cr bond angles. We then chose hydrostatic pressure (P) as the
tuning knob to modify the magnetic properties of CrSBr through modifying the structure without
changing chemical properties. The primary magnetic couplings consist of three intralayer FM
superexchange interactions (denoted J;, J,, and J;) mediated by intralayer Cr—S—Cr and Cr—Br—Cr
bonds (Fig. 3.3a, b). The interlayer AFM super-superexchange coupling (Jiyter) 1s mediated by Cr—
Br—Br—Cr interactions between the sheets. The strong intralayer coupling gives rise to short-range
FM correlations below a characteristic temperature To~160 K,>’% while the weaker interlayer
exchange induces long-range A-type AFM order below Ty ~132 K.”” Under hydrostatic pressure,

all lattice constants are compressed, with the most significant change along the c-axis (Fig. 3.3c).
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Figure 3.3 Schematic of magnetic couplings and the crystal structures under pressure for bulk
CrSBr. (a) Top (left) and side (right) views of crystal structure for bulk CrSBr. Double-ended black
arrows denote the direction of the relevant magnetic couplings. (b) Schematic of the
superexchange pathways for the three largest intraplanar FM couplings in CrSBr. The
corresponding bonds and bond angles contributing to the superexchange interactions are labeled.
(c) Calculated percentage change in lattice constants (orange, purple, and green dots for a-, b-, and

c-axes, respectively) and the unit-cell volume (black crosses) versus P.

With the structural changes in mind, we further explore the change of intra- and interlayer magnetic
exchange couplings under pressure. We find that all primary intralayer FM couplings weaken (Fig.
3.4a) and the magnitude of the strongest intralayer coupling, /,, is more than 30 times that of Ji,er
for the entire P range, indicating that the intralayer magnetic exchange is the dominant
contribution to the ordering temperature. The calculations predict a decreasing T, with increasing
P (Fig.3.4b), which comes from suppressed intralayer FM superexchange interactions,

highlighting the delicate balance between Cr—Cr direct exchange and Cr—anion superexchange
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pathways (see below). Besides, the interlayer AFM coupling drastically strengthens (inset of Fig.
3.4a) as the c-axis compresses. The increase of [, can be explained by the increase of Cr—Br—
Br—Cr overlap, resulting from the significant decrease of the theoretically predicted vdW gap (~10%
at 1.5 GPa) with P, and this explains the increase in saturation field with increasing pressure (Fig.
3.4b).

The dependence of intralayer magnetic exchange on bond geometry is more complex, as the
intralayer exchange interactions in CrSBr involve a competition between FM superexchange
interactions and weaker AFM direct exchange interactions. With increasing pressure, the
magnitude of direct exchange should increase for J;, J, and /5, as all Cr—Cr distances (d¢r—cr)
shrink. These changes should be most pronounced for J; and J,, which have experimentally
determined d¢,_c, 0of ~3.51 and ~3.59 A, respectively, whereas dc,_c, for J3 is much larger (~4.76
A). The decreasing d¢,_c, increases the overlap of 3d orbitals between Cr atoms, resulting in the
enhancement of the antiferromagnetic couplings in the direct exchange. As a result, the overall
ferromagnetic couplings for J; and J, are weakened. The behavior of J; under pressure can be
explained by the predicted structural changes, according to the Goodenough—Kanamori—Anderson
rules.”*7% An increase in the Cr—S1—Cr bond (83) towards 180° should increase the contribution of
antiferromagnetic exchange pathways, which weakens the overall ferromagnetic coupling.
Because d¢_c, remains well outside the range of Cr—Cr bonding for all pressures studied here,
we would expect the direct exchange interactions to remain small relative to superexchange
interactions, which agrees with our experimental and computational data where the net intralayer

coupling remains FM.
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Figure 3.4 Pressure dependent magnetic couplings, saturation fields and magnetic ordering
temperature. (a) Calculated percentage change in intralayer magnetic couplings versus P. Inset:
calculated percentage change in Ji . Versus P. (b) Calculated H,, (left axis, orange, purple, and

green dots) and T, (right axis, black dots) versus P.

3.3 Summary

In summary, we find uniaxial strain and hydrostatic pressure as effective tuning knobs to control
the magnetic properties of layered magnets. With uniaxial strain applied along the intermediate
axis, an AFM to FM transition is obtained with a critical strain of ~0.5% along the intermediate
axis. Under hydrostatic pressure, the ordering temperature is reduced due to the suppression of
intralayer FM interactions resulting from the compression of the lattice, while saturation fields

along the three crystal axes increase due to an increase in interlayer magnetic exchange energy.
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3.4 Technical Details

The lattice structure of CrSBr was relaxed with the same method employed in Chapter 2. The
calculated interlayer distance for bulk CrSBr is 8.011 A. The applied uniaxial strain was calculated
in percentile relative to the equilibrium structure. For each strain, the energy differences between
the interlayer AFM and FM phases were calculated within the local spin density approximation
(LSDA). We note that the calculated value of critical strain can be affected by factors such as the
choice of pseudopotential used in the calculations. We find that an on-site Hubbard U correction
is not needed to reproduce the correct magnetic ground-state properties of bulk CrSBr.

For each hydrostatic pressure applied, the intra- and interlayer Heisenberg magnetic exchange
couplings J were calculated in 3x3x1 and 3x3x2 supercells respectively, by a four-state mapping
method”® within LSDA. The Curie temperature was calculated using metropolis Monte Carlo
methods implemented in the VAMPIRE package.’® The critical exponent was determined by

fitting the temperature dependent normalized magnetization m(T) to the Curie-Bloch equation in

. . B .. .
the classical limit m(T) = (1 — TL) . The saturation fields along different axes were extracted
Cc

based on the Heisenberg model H = Hy+ Hipter — glig 2ih*S; , where Hijer =
Yiet,jeb JinterS; * Sj. Here t and b denote the top and bottom layers in a unit cell, h represents the
external magnetic field. The ground state energy differences between the FM and AFM states
under different hydrostatic pressure were calculated with spin-orbit coupling taken into account

within LSDA, based on the structures revealed by PBE-D2.
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Chapter 4
Engineering Magnetic Phases of Layered Antiferromagnets by

Interfacial Charge Transfer

Compared with magnetic phase transition controlled by structural engineering, such as applying
strain, pressure, and shifting stacking orders, interfacial charge transfer offers an easier and more
universal control knob that can enable robust switching of the interlayer magnetism in 2D magnets.
In this chapter, we propose a new strategy to control the interlayer magnetic interactions by
engineering the band alignment and charge transfer at the interfaces between vdW magnets and
other vdW materials. We select bilayer CrSBr/monolayer graphene (biCrSBr/G) heterostructure

as a novel platform to demonstrate the controllable interlayer magnetism in CrSBr.

4.1 Interfacial Charge Transfer in CrSBr/Graphene Heterostructure

To calculate the biCrSBr/G heterostructure from first principle, we employ a 5x1 supercell of
CrSBr bilayer and an 82 supercell of graphene monolayer, resulting in nearly commensurate top
and bottom layers. In this supercell, the a and b axes of CrSBr are aligned along the armchair and

zigzag directions of graphene, respectively (Fig. 4.1a).
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Figure 4.1 Schematic of crystal and magnetic structures for bilayer CrSBr/monolayer graphene
heterostructure. (a) Crystal structure for the biCrSBr/G heterostructure in a supercell. CrSBr
bilayer is stacked directly on graphene monolayer with the a and b axes of CrSBr aligned along
the armchair and zigzag directions of graphene, respectively. The strain on graphene is <5%. Top
and side views are shown on the left and right, respectively. (b) Side-view crystal and magnetic
structures for CrSBr, a typical A-type layered van der Waals magnet. The system is ferromagnetic
within each layer, and antiferromagnetically coupled between neighboring layers. The unit cell is

marked by red dashed rectangular.

In contrast to its AFM ground state in the freestanding CrSBr bilayer, the calculated ground state
of CrSBr bilayer in the biCrSBr/G heterostructure becomes FM (Fig. 4.1a). The calculated energy
difference between the FM and AFM states AE = Egpy — Eapy Changes from 0.12 meV in the
freestanding bilayer to -0.07 meV per unit cell (CrsS4Brs) upon stacking. We note that the
calculated AE = 0.12 meV for the freestanding bilayer is in good agreement with the experimental

measurement of the critical field of 0.134 T along the easy axis b, which suggests AE =
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0.09 meV.! We further investigate the electronic properties of the heterostructure. The reciprocal
space geometry of monolayer graphene, bilayer CrSBr and the biCrSBr/G heterostructure is shown
in Fig. 4.2a. The corners (labeled Kg) in the hexagonal Brillouin zone (BZ) of graphene unit cells
are folded onto the 'Y path in the rectangular BZ of the biCrSBr/G heterostructure, marked by
K in the shaded rectangular of Fig. 4.2a. The band structures of the FM biCrSBr/G heterostructure
for majority and minority spins are plotted along a BZ k-path (I'-X-S-Y-T') in Fig. 4.2b and 4.2c,

respectively, colored by a layer localization function defined as 7n,(k) =

Siccr (Wil Pn RN ~Tieal(ilPn )
Siecrl Wil @n R +Ziecl (Wil Pn (K))

where n is band index and k is wavevector in reciprocal

space. ¢, (K) and 1; denote the electron wave function and active atomic orbital i in the top CrSBr
bilayer (Cr) or the bottom graphene monolayer (G). Therefore, n,,(K) = 1 represents the wave
function completely localized in the top CrSBr bilayer while n,,(k) = —1 represents the wave
function completely localized in the bottom graphene monolayer, marked by red and blue,
respectively. The calculated band alignment between CrSBr bilayer and graphene monolayer
shows that the Dirac point of graphene is higher than the conduction band minimum (CBM) of
CrSBr bilayer by ~0.5 eV. This suggests significant interfacial charge transfer between CrSBr
bilayer and graphene monolayer, and the electron density transferred from graphene monolayer to

CrSBr bilayer is estimated to be ~2.1 x 103 /cm? from Luttinger's theorem.”®8°
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Figure 4.2 Calculated Kohn-Sham band structures of the FM biCrSBr/G heterostructure. (a)

=1

Schematic of the Brillouin zone (BZ) of graphene (green hexagonal), CrSBr (blue rectangular),
and the biCrSBr/G supercell (grey shaded rectangular). The Dirac point (K) in the hexagonal BZ
of graphene unit cell is folded onto I'-Y path in the rectangular BZ of the biCrSBr/G
heterostructure (marked by K). (b, ¢) Calculated Kohn-Sham band structures of the ferromagnetic
biCrSBr/G heterostructure for (b) majority and (c) minority spins, respectively. The band
wavefunction projection in CrSBr and graphene layers is marked by red and blue, respectively (see
exact definition in main text). The Fermi level is shown by grey dashed lines. The charge transfer

between the CrSBr/graphene interface is ~2.1 x 1013 /cm? from calculations.

To investigate the origin of the magnetic phase transition upon stacking, and whether the transition
arises from the interfacial charge transfer, we calculate the carrier doping dependent AE between
the collinear FM and AFM states for CrSBr bilayers without graphene. Fig. 4.3 shows that
AE decreases almost linearly with increasing carrier density for both electron and hole, in the small
carrier density regime (< 3 x 10'2/cm?). This behavior suggests that both electron and hole
doping favor the collinear FM phase over the AFM phase, and the doping leads to an AFM to FM

magnetic phase transition. In CrSBr bilayers, the critical carrier density at phase transition for hole



45

doping (0.8 x 10'2/cm?) is much smaller than that for electron doping (2.4 x 10'?/cm?).
Nonetheless, in the biCrSBr/G heterostructure, the electron carrier density in the CrSBr bilayer
due to interfacial charge transfer (~2.1 x 1013 /cm?) is an order of magnitude larger than the
critical density. We therefore attribute the ferromagnetism in the biCrSBr/G heterostructure to the

interfacial charge transfer, thanks to the band alignment between the two materials.
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Figure 4.3 Calculated doping dependent magnetic ground state of bulk CrSBr. Magnetic ground
state is defined by the energy difference between collinear FM and AFM bilayer CrSBr (AE =
Erpm — Eapm)- Positive (negative) carrier density refers to doped electron (hole) carrier density.

Lines are guide to the eye. The AFM to FM magnetic phase transition occurs for both electron and

hole doping.

To further exploit and control the magnetic phase transitions from interfacial charge transfer, we
use open-shell molecules (e.g., NO2) as admolecules to introduce charge carriers. For DFT
calculations, a 3x3 supercell of the CrSBr bilayer is employed and Fig. 4.4 shows the entire

structure. We find an FM magnetic ground state of the CrSBr bilayer with NO2 adsorption at a
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density of 1.1 x 1072° mol/cm?. This provides another route to achieve reversible magnetic
phase transition in 2D magnets by molecular adsorption, as the initial undoped state can be

recovered by annealing.8!
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Figure 4.4 Crystal structure for NO2 adsorbed on bilayer CrSBr. A 3x3 supercell of the CrSBr

bilayer is adopted and the concentration of NO2 is set to 1.1 X 1071° mol/cm?.

4.2 Carrier Doping Induced Ferromagnetism in Layered A-Type Magnets

To unveil the physical mechanism and general design strategy of magnetic phase transitions
enabled by charge transfer, we construct an effective model consisting of ferromagnetic layers
being electronically coupled, to describe layered A-type magnetic semiconductors including
MnBi2Tes, CrX3, CrSBr, and CrPS4.38586282-84 The key to carrier doping induced ferromagnetism
lies in the interlayer electronic coupling, i.e., electron (hole) hopping across the vdW interfaces.
In this model, we include the frontier conduction bands (i.e., |c; (K)) and |c, (K))) or valance bands
(i.e., lv,(K)) and |v,(K))) in the two adjacent layers as the basis (layer 1 and layer 2 in Fig. 4.5a).
E = E.(K) or E,(K) is the eigenenergy of the corresponding frontier conduction or valence bands
in each monolayer, respectively. t = t.(K) or t,(K) denotes the k dependent interlayer hopping

between the degenerate conduction or valence bands, respectively. Considering the interlayer
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wavefunction hybridization between these originally degenerate frontier bands, the Hamiltonian

reads

_(E®) tk)
H(k)_<t(k) E(k)) “1)

By solving the Hamiltonian in Eq. (4.1), bonding and anti-bonding states can be obtained as
E. (k) = E(k) £ t(k) (Fig. 4.5a). Therefore, with interlayer hybridization, |c; (k)) and |c,(K))
form bonding and anti-bonding orbitals with energy difference 2|t.(k)|, while |v;(K)) and
|v, (K)) form bonding and anti-bonding orbitals with energy difference 2|t, (K)|.

The charge transfer process in the biCrSBr/G heterostructure can be treated equivalently as
introducing carriers into a layered magnetic semiconductor. In the context of dilute doping, the
energy difference between the FM and AFM phases changes by —|(tgm — tapm) 1|, Where hopping
is evaluated at k = 0. Here, n represents the number of charge carriers introduced to the system,
and is measured by carrier density (cm~2) for 2D materials in Fig. 4.3. Furthermore, we argue that
tarpm~0, as the interlayer hybridization between degenerate states in adjacent layers is suppressed
by the interlayer AFM order (schematically illustrated in Fig. 4.5b). This suppression happens
when spin-orbit coupling is weak, and the spinor of frontier band wavefunction is layer-polarized
to the magnetization direction. As a result,

AE(n) = AE(n = 0) — [tpmn| 4.2)

Here, tpm = t.(k = 0) and t,(k = 0) for electron and hole doping an FM bilayer, respectively.
This effective model correctly reproduces the linear dependence of AE with carrier density from
DFT calculations (Fig. 4.3). The slight decrease in the absolute value of the slope observed with
increasing carrier density possibly results from the change of the interlayer hopping with k. AE
can be affected by additional factors, such as the interlayer electric polarization, which have not

been included in the present model. Nonetheless, the FM state remains more stable than the AFM
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state at the high doping level of biCrSBr/G. We note that the super-super-exchange interaction J
that dictates AE(n = 0) is assumed to remain unchanged by doping, which applies to the dilute

doping limit as we will show the next.

Layer 1 Layer 2 AFM \F_M/
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Figure 4.5 Schematic illustrations of the effective model for doping induced ferromagnetism in
layered A-type magnets. (a) Schematic illustration of interlayer coupling in layered van der Waals
magnets. Two neighboring layers are labeled by layer 1 and layer 2, with states |c;), |v,) and |c,),
|v,) schematically shown by parabolic bands. t. and t,, denote the interlayer hopping between
degenerate conduction bands and valence bands, respectively. With interlayer hybridization, |c;)
and |c,) form bonding and anti-bonding orbitals with energy difference 2|t.|, while |v;) and |v,)
form bonding and anti-bonding orbitals with energy difference 2|t,|. (b) Schematic diagrams of
electron (blue shaded area) and hole (grey shaded area) doping to AFM and FM layers. The red

dashed lines represent the CBM and VBM (marked by E. and E}/) in single layer, respectively.

Based on the model we have developed for doping induced magnetic phase transition in 2D layered
magnets, the interlayer hopping at the FM state can be extracted from Fig. 4.3. By analyzing the

slopes of AE vs. carrier density curves, we obtain: tfy = 31 meV and tfy = 84 meV in



49

accordance with Eq. (4.2) for bilayer CrSBr unit cell (CrsS4Brs). We further validate our effective
model by comparing its parameters to the hopping obtained from DFT bands. Fig. 4.6 displays the
calculated Kohn-Sham band structures for AFM and FM CrSBr bilayers with electron (hole)
doping density of 0.6 x 1012 /cm?. For AFM CrSBr bilayers, the conduction and valence bands
are doubly degenerate in spins, suggesting minimal interlayer hopping. For FM CrSBr bilayers,
sizable band splitting is obtained at CBM and VBM. Therefore, the hopping term ¢, corresponds
to half of the band splitting between the second and first conduction bands (CB2 and CB1), while
t, is instead between the first and second valence bands (VB1 and VB2) at the zone center in the
dilute doping limit, e.g., tipm = tapm = 0, and tgy = 31 meV, tgy = 76 meV, which agree
reasonably well with those obtained based on the effective model. This agreement indicates that
the model correctly describes the microscopic mechanism of magnetic phase transition and
validates the assumption that the change of interlayer super-super exchange between localized Cr

moments can be considered negligible with doping.
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Figure 4.6 Calculated Kohn-Sham band structures with carrier doping. (a) AFM CrSBr bilayers
with 0.6 x 1012 cm™2 electron doping, (b) AFM CrSBr bilayers with 0.6 x 1012 cm™2 hole
doping, (c) FM CrSBr bilayers with 0.6 x 102 cm™2 electron doping, d) FM CrSBr bilayers with
0.6 X 102 cm™2 hole doping. Red and blue lines represent bands for majority and minority spins,

respectively.

We further compare band structures with and without carrier doping, and confirm that the
interlayer hopping for both AFM and FM CrSBr bilayers remain almost unchanged at DFT level
with small amount of carrier doping. The strategy and model developed here can serve as a general
approach for carrier induced tunable interlayer magnetic order beyond the biCrSBr/G

heterostructure.
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4.3 Spin Canting Transition with Carrier Doping in Layered A-Type Magnets

In anisotropic magnets, AFM to FM phase transitions (with magnetic field, strain, etc.) can happen
with antiparallel magnetic moments continuously aligned to parallel, or suddenly flipped to
parallel. To investigate which process occurs with carrier doping, we explicitly include interlayer
exchange interactions and intralayer magnetic anisotropy in total energy. Without loss of
generality, we take tri-axial anisotropy into account. The easy axis is set along b, following CrSBr.

The carrier density dependent total energy per Cr2S2Br2 is given by
A 22 A
) =JSi S+ ) Aq(S; @) = Ay(5-B)" + Ac(S;- )% = |enl @3)
i=1,2

Here, the first term refers to the interlayer magnetic exchange coupling, and J > 0 favors interlayer
AFM states. S, and S, denote the spins of neighboring layers. The orientations of S; and S, are
denoted by their tilt angles 6, and 8, with respect to the b-axis, and azimuthal angles ¢, and ¢,
with respect to the c-axis, respectively. The second term describes the anisotropy energies, where
b, @ and ¢ are the easy, intermediate, and hard axes, respectively. For convenience, we set 4, = 0
and Ap, . > 0. The third term is from interlayer hopping of doped electrons (holes) as we discussed
previously. The hopping integral t = tgy cos(a/2), where a (84, 6,, ¢4, P,) is the angle between
S, and S,. The cosine form in t comes from the inner product of spinor wavefunctions across the
vdW interface.8586

We discover that the carrier induced AFM-to-FM phase transition is always a spin canting process.
This can be understood at the small canting angle limit of Eq. (4.3), in which the energy gain from
last term is ~Sa, whereas the energy penalty from other terms is ~(8a)?2. To determine the exact
spin configuration and magnetic ground state energy, we minimize E at each n by taking the

partial derivative of Eq. (4.3),
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For bilayer CrSBr, we use /] = 0.013 meV, 4, = 0.014 meV, A, = 0.038 meV obtained from
DFT calculations, which are consistent with those fitted from experiments.®’ tgy . = 31 meV and
trmy = 84 meV are extracted from DFT results in accordance with Eq. (4.2) as shown above. The

dependence of ground-state energy on carrier density is plotted in Fig. 4.7a, and the energies of
easy-axis collinear AFM and FM states are also calculated for comparison. With increasing carrier

density, the ground-state energy varies smoothly until a sudden change of slope at a critical carrier

density n., which is given by tpyn. = 452/J + A,(/] + A, — \/4,). Therefore, we obtain
né~2.6 x 102 /cm? and n*~1.0 x 1012 /cm? for transitioning into FM in the cases of electron
and hole doping, respectively. To understand the structures of S, and S, during this process, we
plot a(n) in Fig. 4.7b. With increasing carrier density, the originally antiparallel S, and S,
gradually tilt away from the easy axis (b-axis) in the ab-plane until n = n_. In the canting process,
S; and S, become noncolinear but remain symmetric to the intermediate axis (a-axis). Atn = n,,
the system suddenly transits to the FM state with S; and S, aligned along the easy axis. For bilayer
CrSBr, the critical transition happens at a.~147°.

To validate the carrier doping induced spin canting transition process in bilayer CrSBr obtained
by our model with tri-axial anisotropy, we perform DFT calculations with spin-orbit coupling
included for different doping levels (n < n.) in the CrSBr bilayer. Fig. 4.7c illustrates the energy
variations with respect to a. For each doping level, S; and S, are noncolinear but remain
symmetric to the intermediate axis a. At finite doping, the energy of the system will initially
decrease and then increase with increasing o. With increasing carrier density, a of the ground state

decreases, indicating that S, and S, tilt away from the easy axis b for the ground state. Comparing
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Fig.4.7b and c, we can conclude that the critical angles from DFT calculations agrees reasonably

well with the results from our model.
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Figure 4.7 Carrier doping induced magnetic phase transition with noncollinear spins. (a) Carrier
density (n, and n,, for electron and hole, respectively) dependent ground state energy E;s (black
solid line) for bilayer CrSBr. The energy of AFM (Eagym p) and FM (Egy p) states with spins
collinear to the easy axis are plotted in red and blue solid lines for reference, with Exgy , Set to 0.
The critical doping density is represented by grey dashed line. (b) Carrier density dependent
canting angle between spins of neighboring layers for bilayer CrSBr. The corresponding spin
configurations are shown schematically by insets. The critical angle is shown by grey dashed line.
(c) The dependence of energy on the angle a between constraint spins of neighboring layers at
different doping levels for bilayer CrSBr from DFT calculations with spin-orbit coupling.
Crimson, red, black, and blue colors denote doping levels of 0.6 x 102 cm™2 electron doping,
0.3 x 102 cm™2 electron doping, without doping and 0.3 X 1012 cm™2 hole doping, respectively.

S, and S, are noncolinear but remain symmetric to the intermediate axis a.

We expand the discussion to generic A-type 2D magnets with different hard axis anisotropy and

interlayer hopping, in which the range of canting angles can be significantly different. In
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accordance with Eq. (4.3), the canting angle is controlled by two independent and unitless
parameters, tgpyn/JS? and A, /]. Here we firstly focus on systems with 4, and J comparable in
magnitude. Our results in Fig. 4.8a show that, within the A, > J regime, for systems with weak
anisotropy and strong interlayer coupling, spins of neighboring layers can develop very large
canting angle. Fig. 4.8b illustrates the role of magnetic anisotropy on the critical angle and critical
carrier density. For systems with large anisotropy (4, > J), the magnetic phase transition will
approach a spin-flip transition at tgyn.~2JS?. Next, we consider the more complicated case where
the anisotropy is relatively weak, i.e., A, < J. Surprisingly, an intermediate state emerges between
the a-axis symmetric canting process and the FM state along the b-axis, as depicted in Fig. 4.8c.
With increasing carrier density, the originally antiparallel S; and S, gradually tilt away from the
easy axis b in the ab-plane until n = n.,, remaining symmetric to the intermediate axis a, and then
suddenly transit to the intermediate state with S, and S, symmetric to the b-axis. In the
intermediate state, the spins will tilt to the easy axis b and finally experience a sudden transit to

the FM state with spins aligned along the easy axis at n = n,. The critical carrier density n., and

N, are given by tpyne; = 2522 + 4,)(J — Ap) and tpmng, = 4S2(J — Ap), respectively.
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Figure 4.8 Hopping and magnetic anisotropy controlled magnetic ground state phase diagram. ()
Doping and anisotropy dependent canting angle between spins of neighboring layers in hard-axis
A-type 2D magnets. tgyn/JS? and A, /] reflect the effects of doping and anisotropy, respectively.
(b) Anisotropy dependent critical angle (left) and critical carrier density (right). (c) Full magnetic
ground state phase diagram determined by doping and magnetic anisotropy with small anisotropy
included. For each phase, the corresponding spin configuration of neighboring layers is shown

schematically by inset.

4.4 Conclusions

In summary, we have proposed heterostructures consisting of vdW magnets and nonmagnetic
layered materials for controlling interlayer magnetism in 2D magnets and demonstrated that carrier
doping gives dominant contributions to the tunability of interlayer magnetism in heterostructures
with proper band alignment through first-principles calculations. This holds true for not only type-
III heterojunctions with the magnetic layers, but also metals of which the Fermi level is higher
than the CBM or lower than the VBM of the magnetic layers. We have built an effective model to
elaborate the interlayer hopping difference between the interlayer AFM and FM states as the
underlying physical mechanism for the AFM to FM magnetic phase transition observed with both

electron and hole doping. By including magnetic anisotropy in our model, we have found that the
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doping induced AFM to FM transition is a spin canting process with critical carrier density.
Besides interfacial charge transfer in heterostructures, electrostatic doping can be achieved through
molecular adsorption or gating, making it an accessible and effective method to control interlayer
magnetism in experiments. Our findings not only provide a general framework for understanding
charge transfer induced magnetic phase transition in vdW magnets, but also offer a versatile
approach to modulating magnetism in 2D magnets via interfacial charge transfer, which paves the

way for realizing spintronics at the atomically thin level.

4.5 Computational Methods

The lattice structure of CrSBr was relaxed with the same method employed in Chapter 2. The
lattice constant a was relaxed to 2.457 A in monolayer graphene. The biCrSBr/G heterostructure
was constructed with a 5x1 CrSBr supercell stacked on top of an 8x2 graphene supercell, where
the a and b axes of CrSBr bilayer are aligned along the armchair and zigzag directions of graphene
monolayer, respectively. The graphene monolayer experiences tensile strain of ~3% along the
armchair direction, and compressive strain of ~4% along the zigzag direction. We note that the
strain is introduced to ensure a commensurate structure in supercell calculations, and graphene can
hardly sustain compressive strain without buckling.®8 However, as the AFM to FM phase transition
results from charge transfer, the phase transition should remain robust for arbitrary stacking
geometry between bilayer CrSBr and graphene. The vdW spatial gap between bottom CrSBr layer
(from bottom Br atoms) and graphene monolayer is 3.380 A. A vacuum region of 15 A was added
in the out-of-plane direction to avoid interaction between periodic images. An 8x30x1 k-grid was
used for Brillouin zone sampling in the biCrSBr/G heterostructure. A dipole correction was applied

in all the calculations for biCrSBr/G heterostructures.®® The band structures and the ground state
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energies for each carrier density with electron (hole) doping were calculated within LSDA. The
carrier density was tuned by changing the total number of electrons in the unit cell, with a
compensating jellium background of opposite charge. A 120x90x1 k-grid was used for Brillouin
zone sampling to converge the magnetic moment at the dilute doping (in a bilayer unit cell without
graphene). For magnetic anisotropy, spin-orbit coupling was included at the fully-relativistic level.

A Gaussian smearing of 1 meV was adopted for electron occupation.
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Chapter 5
Ultrafast Optical Control of Excitonic Structures in Low-

Dimensional Materials

Advances in optics have often stemmed from the discovery and optimization of novel materials
with tailored optical properties. A recent frontier in this field is coherent preparation, which
facilitates remarkable changes in the optical properties of materials. Within the realm of quantum
optics and photonics, electromagnetically induced transparency (EIT) emerges as an important
phenomenon and has garnered extensive attention due to its capacity for coherent manipulation of
material optical properties.”®*! EIT refers to the cancellation of the linear response at resonance by
destructive interference in a laser-dressed medium. At its core, EIT often involves three-level
quantum systems, arranged in either a lambda, ladder or V configuration. Typically, the excitonic
structure of such a system includes two bare states (the ground state |g) and an excited state |e;))
coupled by a metastable state |e,), as depicted schematically in Fig. 5.1b for the “ladder”
configuration. In this chapter, our focus is on the application of electromagnetic fields within the
optical frequency range, resonant with the transitions in a three-level system with the ladder
configuration. For consistency, states are labeled so that the |g)<«|e,) transition is always dipole-
forbidden. When illuminated by two laser beams, the states |g) and |e, ) are coupled by the probe
beam, while the states |e,) and |e,) are coupled by the coupling beam, where |e;) is assumed to
be the only decaying state and thus the only way to absorption. Because the coupling field is
significantly more intense than the probe field, the probability amplitudes for the direct (|g)-|e;))

and indirect (|g)-|e;)-le;)-|e1) or its higher order variants) absorption pathways are of equal
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magnitude but opposite sign, when the two laser beams resonant with the transitions.%?
Subsequently, this gives rise to a transparency resonance which is sensitive to the properties of the
transitions. As EIT is closely related to other nonlinear optical effects and extremely sensitive to
external perturbations, it emerges as a potent tool for applications ranging from optical switching

to light propagation controlling and quantum information processing.

5.1 Formalism of EIT in a Three-Level System

We now turn to a detailed examination of the structure for the laser-dressed eigenstates within a
ladder-type three-level system, as illustrated in Fig. 5.1b. The most extensively studied example
of such a system is the so-called Rydberg atom (shown in Fig. 5.1c, with experimental setup
schematically shown in Fig. 5.1a), which displays rich many-body behavior due to their enhanced
dipole-dipole interactions.’>** In Rydberg atoms, the three levels are composed of the ground state,
an excited state and highly excited Rydberg states (named in analogy to the hydrogenic Rydberg
series of energy levels). Besides Rydberg atoms, we identify atomically thin layers of van der
Waals materials as promising candidates for implementing three-level systems, attributable to the
strong light-matter interactions arising from their reduced dimensionality.”> In addition, we
propose a novel three-level system in a vdW layered material, consisting of the ground state and
two closely spaced excited states where one is optically bright and the other remains dark (Fig.

5.1d), which can be found in CrSBr layers.
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Figure 5.1 Examples for ladder-type three-level systems. (a) A schematic of the experimental
setup. (b) Schematic of a typical ladder three-level system with states represented by |g), |e,) and
le;). |g) and |e; ) are coupled by a probe beam of frequency w,, while |e;) and |e,) are coupled
by a coupling beam of frequency w,. 4, and 4. denote the probe and coupling beam detunings
from atomic resonances, respectively. I}, denote the radiative decay rates from state |i) to state
|k). (c) Energy level diagram of the ladder system with Rydberg excitons. A pair of valence band
and conduction band with bandgap E, hosting Rydberg excitons are schematically represented by
parabolic bands. The three levels consist of the ground state, exciton 1s and 2p states. (d) Energy

level diagram of the ladder system with two excitons (labeled A and B) originating from different



61

band pairs (VB-CB1 and VB-CB2). The three levels are composed of the ground state, A exciton

1s state and B exciton 1s state.

Within the dipole approximation, the atom-laser interaction, given by H;, = —p - E, is often
expressed in terms of the Rabi frequency (0 = u-E,, where E, is the amplitude of the
electromagnetic field E, and p is the transition dipole moment. Therefore, the Hamiltonian of such
a three-level system interacting with a coupling beam with real Rabi frequency (). and a probe
beam with Rabi frequency (2, under the rotating-wave approximation in Schrodinger picture leads
to (in atomicunits A =m =e = 1)

(0 % 0
Hine = —5| & =28 e (5.1)
0 Q —-2(8,+4,)

where wy is set to 0. 4, = w,, — w, and 4, = w,, — w, denote the detunings of the probe and
coupling beams from atomic resonances, respectively. The dynamics of laser-driven systems are
governed by the master equation for the density matrix p

p = —i[Hine, p] + L(p) (5.2)

where the Lindblad operator £ accounts for the decay and dephasing processes of the excited states

given by e.g.,

I,

g

Lelg(p) = _Tl(o-elgo-gelp _agelpo-elg + h. C.) (5.3)
where I, , represents the spontaneous decay rate of state |e;). Evaluating the master equation at

steady state (p = 0) with a weak probe field (2, < Q,, ~1), we obtain the expressions for the

Pgg

off-diagonal density-matrix elements pjx—ge o, and hence the linear susceptibility 1@ as

following
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where N is the density of excitons. We define the rates y, ; = I, 4

+2iA, and Y, =y’ +
Zi(Ap + Ac), with y’ corresponding to the dephasing rate of the Rydberg state. The linear

susceptibility ¥ given in Eq. (5.4) encapsulates many key features of EIT, as its real and
imaginary components describe the dispersion and absorption properties, respectively. To decide
the change of absorption due to the appearance of dressed states, it is essential to get accurate
estimations of the transition dipole moments for both intra- and inter-exciton transitions with
excitonic effects considered. To this end, we establish a formalism capable of calculating the

desired transition dipole moments at the GW-BSE level

A-(SIpulS"y = IqIA - (S|=T¢ +T4IS")

_ qld : ,
= m(—(5|ve|5 ) + (SvplS)H) (5.5)

Here 1 denotes the polarization vector of the beam and v is the velocity operator. The excitation
energy (L)) is the eigenvalue of an exciton eigenstate |S) from the BSE method. Applying the
above formalism to real material systems, we demonstrate the control of excitonic structures using
ultrafast optical technique and the realization of EIT in atomically thin layers through ab initio

calculations at the GW-BSE level combined with parameters fitted from previous experiments.

5.2 Intra-exciton Transitions and EIT Simulations in Monolayer MoSe:

Firstly, MoSe: is investigated as a prototypical two-dimensional material hosting Rydberg excitons

for a possible ladder-type three-level system, where Rydberg excitons are formed due to the
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significant enhancement of the Coulomb interactions in 2D. Previous research has reported Autler—
Townes doublets observed in monolayer MoSe2.® In this work, we utilize ab initio GW-BSE
calculations (details in Methods) to capture the excitonic structure of monolayer MoSez. As shown
in Fig. 5.2a, our calculations reveal a direct quasiparticle bandgap of ~2.28 eV at the K (K") valley
in monolayer MoSe:, incorporating a strong self-energy correction of ~0.80 eV compared to the
bandgap obtained at the DFT-LDA level. Solving the first-principles BSE, we find a series of
strongly-bound exciton Rydberg states with excitation energies located below the quasiparticle
bandgap, as illustrated in the exciton energy levels in Fig. 5.2b. Meanwhile, exciton wavefunctions
for the first three exciton states (1s, 2p+, 2p-) are plotted in the first Brillouin zone (FBZ), which
are centered around the K (K') point. The exciton binding energy for the 1s exciton is calculated to

be ~0.41 eV. These findings align well with those reported in previous studies.’’
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Figure 5.2 First-principles GW-BSE calculations and simulations for monolayer MoSe:. (a) Kohn-

Sham band structures from DFT-LDA method (blue solid lines) and quasiparticle band structures

from the GW method (red dots) for monolayer MoSe:. The quasiparticle bandgap is roughly 2.3

eV. (b) Exciton energy levels (left) and exciton envelope functions in k-space (right) for the lowest-

energy transition Rydberg series calculated using GW-BSE method. Optically bright (dark) exciton

states are colored by red (blue). Exciton envelope function amplitudes for exciton 1s state with

03 =1.886 eV and two 2p states with 2:7*(0P%) = 2.033 eV and 2.039 eV are plotted

centered around the K (K') point in the FBZ. (c) Illustration of the selection rules for the three-

level system in monolayer MoSe:2 consisting of Rydberg excitons in the K and K’ valleys. The

transition dipole moments for 1s, 2p+ (2p-) and intra-exciton transition ls<>2p+ (2p-) are labeled
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for the K (K') valley. (d) simulated EIT absorption spectrum with strong coupling field ({1, =

1.52 THz, red solid line) and without pump ({2.~0, black dashed line).

We further elucidate the exciton fine structure of monolayer MoSe2 by highlighting the simplified
exciton energy spectrum of the 1s and 2p exciton states in Fig. 5.2c. Notably, the 2p exciton states
exhibit energy splitting with opposite ordering for the K and K’ valleys due to the opposite chirality
in each valley. We label the two 2p states as 2p+ and 2p-, where transition 1s<2p+ (2p-) can be
coherently driven by o, (o_)-polarized infrared radiation from the 1s state (o, and o_ denote left-
and right-handed circular polarization, respectively). The energy splitting between the 2p+ and 2p-
exciton states is ~6 meV in a single valley, with the sign reversed between K and K’ valleys. Such
valley-dependent exciton fine structure, which reflects important wavefunction properties derived
from the Bloch band geometry, significantly influences intra-excitonic light-matter interactions.
Utilizing the formalism developed at the GW-BSE level in Section 5.1, we have calculated the
transition dipole moments for the 1s, 2p+ (2p-) and intra-exciton transition 1s<2p+ (2p-) for the K
(K") valley to be approximately 125.0, 4.4 and 43.4 Debye, respectively. Based on Eq. (5.4) and
the transition dipole moments obtained from our formalism, we simulate the photoinduced changes
in the 1s exciton absorption (y) of monolayer MoSe: for the K valley using o, optical probe,
where the 1s«<>2p+ intra-exciton transition is coherently driven by a o, -polarized coupling beam.
Our simulations assume the driving photon energy closely matches the 1s«>2p+ transition (A.~0)
and is strongly off-resonant from the interband transition. Parameters such as the local optical field
strength Eo (70 + 10 kV cm™?), decay rates y;, (4.8 meV) and Y2p, (4.5 meV) are adopted from
parameters fitted from previous experimental results, reported by F. Wang et al. (2019).%° Fig. 5.2d

shows the simulated imaginary component of the scaled optical susceptibility, dependent on the
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probe field detuning (A,) without pump and with strong coupling field. A transparency “window”
emerges at resonance in the simulated absorption spectrum, indicating the realization of EIT in

monolayer MoSex.

5.3 Intra- and Inter-exciton Transitions in Layered CrSBr

Next, we shift our focus to CrSBr, a novel material system with two closely spaced excited states
originating from different interband transitions. As a typical A-type magnetic semiconductor, the
extensive tunability of the interlayer magnetic coupling makes CrSBr a fertile ground for exploring
light-matter interactions and magneto-optical phenomena in the 2D limit. As illustrated in Fig 3.a,
monolayer CrSBr displays highly anisotropic spin-polarized bands and semiconducting
quasiparticle bandgap of ~1.81 eV from first-principles GW calculations. CBM and VBM appear
at the I' point and share the same spin orientation. The first two conduction bands, labeled CBM 1
and CBM2, are nearly degenerate at the GW level. The transition from VBM to CBMI1 is parity-

allowed, whereas the transition to CBM?2 is parity-forbidden.
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Figure 5.3 First-principles GW-BSE calculations and simulations for monolayer CrSBr. (a) Kohn-
Sham band structures from DFT-PBE method (blue solid lines) and quasiparticle band structures
from the GW method (red dots) for monolayer CrSBr. The quasiparticle bandgap is roughly 1.8
eV. The bands of majority spins are shown (those of minority spins have much larger gaps). (b)
Exciton energy levels (left) and exciton envelope functions in k-space (right) obtained from GW-
BSE calculation. Optically bright (dark) exciton states are colored by red (blue). Exciton envelope

function amplitudes for A exciton ls state with 21° = 1.235 eV, 2p state with Qép =1.416eV,

and B exciton 1s state with 215 = 1.284 eV are plotted centered around the I' point in the FBZ.
(c) Illustration of the selection rules for the exciton states in monolayer CrSBr consisting of
Rydberg excitons around the I" point. The transition dipole moments for A 1s, A 2p, B 1s, intra-
and inter-exciton transitions A 1s<2p and A 1s<B ls are labeled. The transitions are linearly

polarized.

We gain further insights into the exciton fine structure of monolayer CrSBr through GW-BSE
calculations. Fig. 5.3b displays the exciton wavefunctions in the FBZ alongside the diagram of
exciton energies. The two lowest-energy excitons, labeled A and B, have calculated exciton

binding energies of approximately 0.61 and 0.52 eV for a free-standing monolayer, respectively.
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Exciton A is associated with the interband transition VBM-CBM1, while exciton B is linked to the
interband transition from VBM to the more dispersive CBM2 along the I'-Y direction in k-space,
resulting in a smaller exciton radius for B along k,,. The transition dipole moments for the A 1s, A
2p, B ls states, intra- and inter-exciton transitions A ls<»2p and A 1s<B s have been derived
using our formalism and are indicated in the simplified exciton energy spectrum in Fig. 5.3¢c. Only
the A exciton 1s state and the intra-exciton transition 1s<»>2p are dipole-allowed, with transition
dipole moments of roughly 182.1 and 20.0 Debye, exhibiting linear polarization along the y- and
x-axes, respectively. Similar to monolayer MoSe2, the Rydberg series of A exciton in monolayer
CrSBr offers a viable platform for realizing EIT in atomically thin layers. Moreover, the distinct
band structure featuring VBM-CBM1-CBM2 with corresponding selection rules also identifies a
potential candidate for a ladder-type three-level system in the CrSBr system and hence we turn to

pristine bilayer CrSBr with the AFM ground state.
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Figure 5.4 First-principles GW-BSE calculations and simulations for AFM bilayer CrSBr. (a)
Kohn-Sham band structures from DFT-PBE (blue solid lines) and quasiparticle band structures
from the GW method (red dots) for the AFM CrSBr bilayer. Bands are degenerate in spin with a
quasiparticle bandgap of roughly 1.7 eV. (b) Exciton energy levels (left) and exciton envelope
functions in k-space (right) obtained from ab initio GW-BSE calculation. Exciton envelope
function amplitudes for A and B exciton 1s states with 24 = 1.225 eV and 28 = 1.259 eV,
respectively, are plotted centered around the I point in the FBZ. (c) Illustration of the selection
rules for the three-level system in bilayer CrSBr consisting of two (A and B) exciton series. The
transition dipole moments for A 1s, B 1s, and inter-exciton transition A 1s<B 1s are labeled. The

transitions are linearly polarized.

As shown in Fig. 5.4a, the bands are degenerate in spin for the AFM bilayer. The GW-BSE
calculations unveil the nature of the optical transitions, as depicted in Fig. 5.4b. The dominant
optical transitions arise from the two-fold degenerate lowest-energy excitons in the CrSBr bilayers,
with the calculated exciton binding energies of ~0.46 eV for a free-standing AFM bilayer. In this
AFM bilayer configuration, the lowest-energy bright excitons correspond to the A exciton in the

monolayer case with twofold degeneracy (splitting <0.5 meV), as the two layers are virtually
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decoupled due to the AFM ordering. Similarly, the second lowest-energy dark excitons are also
doubly degenerate, associated with the B exciton in the monolayer case. The transition dipole
moments for the A 1s, B 1s states and A 1s<>B 1s transition are calculated using our formalism
and highlighted in the simplified exciton energy spectrum in Fig. 5.4c. Notably, the transition A
Is—B 1s is dipole-allowed, creating a ladder-type three-level system involving the ground state,
A 1s and B 1s states. As a result, the dark (B) and bright (A) excitons can be coherently coupled

by an optical field, leading to modifications in the absorption features as a function of frequency.

5.4 Conclusions

In summary, we have developed an effective approach to engineer excitonic structures and achieve
EIT in 2D materials using ultrafast optical fields. Applying first-principles GW-BSE calculations
and simulations to 2D materials including MoSe2 and CrSBr, we have found the originally dark
exciton can be coherently coupled to the optically bright exciton, resulting in an almost complete
suppression of absorption at resonance controllable through the strength of the control field. We
have established a comprehensive physical framework that underpins the formalism for simulating
EIT at the GW-BSE level and demonstrated that the manipulation of medium transparency is
feasible at the atomic scale. By leveraging the manipulation of quantum states and the precise
dynamical control over light-matter interactions, EIT in 2D materials is predicted to be a powerful
tool for advancing technologies in quantum sensing, computing and communication, underscoring

the profound capabilities of quantum optical phenomena.
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5.5 Computational Details

The mean-field starting point of the GW calculations were performed using DFT implemented in
the QUANTUM ESPRESSO package,® with norm-conserving pseudopotentials employed.®” The
plane-wave kinetic energy cutoffs of the pseudopotentials are 80 Ry for MoSe2 and 85 Ry for
CrSBr. For structural relaxation, we employed the PBE-D2 functional.%® The structures were fully
relaxed until the force on each atom was <0.005 eV/A. The lattice constant a was relaxed to 3.31
A in monolayer MoSe:. The lattice constants for CrSBr were calculated to be 3.51 and 4.71 A
along the a and b axes, respectively, and the interlayer distance (Cr-Cr) was calculated to be 8.09
A in bilayer CrSBr.

The GW'S calculations were carried out using the BerkeleyGW package!® at the GoWo level. A
truncated Coulomb interaction was used along the out-of-plane direction to avoid interactions
between the free-standing MoSe2 (CrSBr) layer and its periodic images.”® For MoSe:, the
wavefunctions and band structures were calculated within the LDA.'%!! The size of the supercell
in the out-of-plane direction was set to be 16 A. The dielectric matrix was constructed with a total
of 2,000 bands and a cutoff energy of 35 Ry for the screened exchange in the calculation of the
electron self-energy. The dielectric matrix and the self-energy were calculated on a 6 X6Xx1 g-grid
with 10 subsampling points.®” A static remainder approach was used in the self-energy
calculation.”® The exciton energy levels and wavefunctions were calculated using the GW-BSE
method.!” The exciton interaction kernel was calculated on a 72x72X 1 k-grid onto a round patch
of k-points centered at the K (K’) valley of radius 0.12 A~!, as the exciton wavefunctions are
localized in the reciprocal space. For CrSBr, the wavefunctions and band structures were calculated
within PBE. Spin-polarized calculations were adopted for CrSBr. The sizes of the supercell in the

out-of-plane direction were set to be 16 and 28 A for the monolayer and bilayer CrSBr, respectively.
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The dielectric matrix was constructed with a cutoff energy of 35 Ry in the calculation of the
electron self-energy. The dielectric matrix and the self-energy were calculated on an 8 X6Xx 1 g-grid.
Ten subsampling points along the in-plane diagonal of the supercell were included in the
calculation of the dielectric function. A static remainder approach was used, together with 1,700
bands in the bilayer calculation. The exciton energy levels and wavefunctions were calculated
using the GW-BSE methods with the exciton interaction kernel calculated on a 32x24 X1 k-grid

in bilayer.
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